Transient increases in the activity of ornithine decarboxylase (ODC), the first and ratelimiting enzyme in polyamine biosynthesis, may be critical to initiation of cell growth. We previously reported such increases in ODC activity, and the polyamines, putrescine, and spermidine in rat ileal mucosa between days 1 and 4 after intestinal resection. During this time, there is initiation of mucosal cell hyperplasia, as measured morphologically and biochemically. Intestinal weight and mucosal thickness increase, as do mucosal DNA content and DNA synthesis. In the present study, we gave rats the specific irreversible ODC inhibitor, alpha-difluoromethyl ornithine (DFMO), beginning 3 d before jejunectomy. DFMO completely suppressed the increases in ODC activity and polyamine content in the intestinal mucosa. The suppression in ODC activity was associated with an 87% suppression of DNA synthesis, and resulted in a complete abolition of intestinal adaptation, as manifested by the absence of intestinal weight gain, increase in mucosal thickness, or increase in crypt cell production. Our results indicate that the increases in ODC activity and polyamine biosynthesis are critical for adaptive postresectional crypt cell proliferation in vivo, and that the critical step mediated by polyamines in this adaptive process is the onset of new DNA synthesis. Abstract. Transient increases in the activity of ornithine decarboxylase (ODC), the first and ratelimiting enzyme in polyamine biosynthesis, may be critical to initiation ofcell growth. We previously reported such increases in ODC activity, and the polyamines, putrescine, and spermidine in rat ileal mucosa between days 1 and 4 after intestinal resection. During this time, there is initiation of mucosal cell hyperplasia, as measured morphologically and biochemically. Intestinal weight and mucosal thickness increase, as do mucosal DNA content and DNA synthesis. In the present study, we gave rats the specific irreversible ODC inhibitor, a-difluoromethyl ornithine (DFMO), beginning 3 d before jejunectomy. DFMO completely suppressed the increases in ODC activity and polyamine content in the intestinal mucosa. The suppression in ODC activity was associated with an 87% suppression of DNA synthesis, and resulted in a complete abolition of intestinal adaptation, as manifested by the absence of intestinal weight gain, increase in mucosal thickness, or increase in crypt cell production. Our results indicate that the increases in ODC activity and polyamine biosynthesis are critical for adaptive postresectional crypt cell proliferation in vivo, and that the critical step mediated by polyamines in this adaptive process is the onset of new DNA synthesis.
Introduction
The products of the polyamine biosynthetic pathway, putrescine, spermidine, and spermine, have been found in all nucleated prokaryotic and eukaryotic cell types studied. The first and rate-limiting step in polyamine biosynthesis is the decarboxylation of the precursor, ornithine, by ornithine decarboxylase (ODC,' EC 4.1.1.17). The activity of ODC is low in quiescent cells, but increases markedly during the initial stages of cell proliferation and differentiation (1) (2) (3) (4) (5) (6) . This increase in ODC is often one of the earliest events during the transition from quiescence to proliferation, and is associated with the rapid accumulation of cellular polyamines (5) (6) (7) (8) .
In recent investigations, we have examined polyamine biosynthesis in the rapidly proliferating intestinal epithelium (mucosa), because this cell system offers an excellent model for the study of the potential role of ODC and polyamine biosynthesis in cell proliferation in the intact animal. We have recently shown that ODC activity increases during the early stages of intestinal adaptation after jejunectomy and during lactation (9, 10) . After jejunectomy (resection of the proximal 50% of the small intestine) in the rat, morphological and functional adaptation occur in the intestinal remnant-the ileum. This adaptation is achieved by mucosal hyperplasia, which leads to increased villus height and crypt depth, as well as dilation and lengthening of the ileum (1 1-14) . We have recently shown that this morphologic and biochemical adaptation was temporally associated with marked increases in intestinal mucosal ODC activity and putrescine and spermidine content (10) . Furthermore, indices of mucosal cell proliferation, including new DNA synthesis, crypt cell proliferation, and crypt cell labeling index, were all highly correlated with the time course of the increase in ODC activity (10) .
Although these previous results suggest that the polyamines may be essential in intestinal adaptation, they provide no information on which processes of growth and differentiation are mediated, or even whether the polyamines are required. If, as in in vitro cell studies, the polyamines are somehow required for these in vivo growth processes, do the polyamines play a role in the onset of new DNA synthesis? These questions are important in deciphering the potential role of polyamines in growth processes in vivo. Therefore, in the present study, we have examined which components of the intestinal mucosal adaptation process are directly dependent upon increased polyamine biosynthesis. We have used the specific irreversible ODC inhibitor, a-difluoromethyl ornithine (DFMO, MDL 71,782, Merrell Dow Research Institute, Cincinnati, OH) to suppress the increases in intestinal mucosal ODC activity and to assess the resultant effects on intestinal adaptation. We now report that the increases in polyamine biosynthesis during intestinal adaptation are essential for the increase in mucosal cell DNA synthesis which precedes the crypt cell proliferative activity during postjejunectomy adaptive hyperplasia of the intestinal mucosa in vivo. Surgery and tissue sampling. For jejunectomy, the animals were anesthetized lightly with Ketamine, and underwent 50% proximal small intestinal resection (-45 cm in length), beginning 5 cm distal to the ligament of Treitz. The remaining intestine was anastomosed by an end-to-end enteroenterostomy, using interrupted 6-0 silk (10, 1 1). Sham-operated transection controls underwent jejunal transection 5 cm distal to the ligament of Treitz, without any intestine removed, followed by reanastomosis (10, 11 After killing, the entire small intestine was removed from the peritoneal cavity and the intestinal contents were removed by gentle flushing with iced saline. The length of the intestine was then measured under 25-g tension, and its weight measured. The proximal 10 cm of ileum, extending from 5 cm distal to the anastomosis, was termed the "proximal ileum". The postresection adaptive changes in this ileal segment are representative of the adaptive changes in the entire length of the remaining intestine (9-13). The proximal ileum was excised for subsequent studies, taking care to avoid macroscopic Peyer's patches. After resection, this segment was divided into five equal lengths. The most proximal segment was used for histological and autoradiographic studies, the second segment for CCPR studies, the third for scintillation counting, and the fourth and fifth segment for biochemical assays.
Methods
Crypt dissection. For crypt dissection, the method of Clarke (15) and Wright et al. (16) ,m paraffin sections, cut parallel to the villus-crypt axis, were stained by hematoxylin and eosin. The mucosal villus height and crypt depth were then measured in well-oriented sections using an ocular micrometer.
Biochemical assays. ODC activities were measured in homogenates of mucosal scrapings by the quantitation of "4C02 that was liberated from the '4C-labeled substrate, ornithine, as previously described (10).
Briefly, mucosal scrapings were homogenized 1:10 (wt/vol) in 100 mM sodium phosphate buffer, pH 7.2, which contained 5 mM dithiothreitol. For polyamine analyses, the mucosal homogenate was mixed with equal volumes of 0.4 M perchloric acid and left on ice for I h. The homogenate was then centrifuged at 15,000g for 15 min and the supernatant was then filtered through Millipore filters (0.22 Mm).
Aliquots of the filtered acid extract were then analyzed for polyamine concentrations using a Dionex D-300 amino acid analyzer with a Dionex P/N 30831 cation separator column (Dionex Corp., Sunnyvale, CA). Polyamines were eluted using an eluent flow rate of 30 ml/h and reagent (orthophthaldehyde) flow rate of 18 ml/h. The elution buffers were as follows: for equilibration and putrescine, 0.3 M Na buffer (pH 5.8); for spermidine, 0.7 M Na buffer (pH 5.55); and for spermine, 1.5 M Na buffer (pH 5.55).
DNA was quantitated fluorometrically after incubation with ethidium bromide (17). Mucosal homogenate was diluted 1:100 with distilled water and transferred to a total volume of 1.45 ml of phosphate-buffered saline, pH 7.0, which contained 0. 
Results
Weight gain and oral intake. After the intestinal surgery, all rats lost 3-4% of their body weight. The surgical mortality was 5%, which is comparable with other studies (1 1-13) . The rate at which the control jejunectomy animals gained weight was also comparable with previous studies (10-13). The DFMO animals had a slightly slower rate of weight gain post jejunectomy, but the difference was not statistically significant (P =0.68; Fig. 1 ).
Cellular events in mucosal adaptation. Mucosal ODC activity in the normal adult rat intestine is normally very low (Fig. 2, day 0) . After jejunectomy in the control animals, there is a marked increase in mucosal ODC activity, with the maximal increase occurring on day 2. Mucosal ODC activity increased by 44-fold in the jejunectomy controls, and decreased rapidly by day 7, and returned towards normal by day 14 (Fig.  2) . Concurrent with the increase in mucosal ODC activity, mucosal polyamine content also increased. Mucosal putrescine was 387%, spermidine 233%, and spermine 135% of their respective prejejunectomy levels ( Table I ). The sham-operated transection controls showed no appreciable mucosal adaptation, which was similar to previous studies (10, 11) . The data for the transection controls stayed essentially at day 0 levels, and are thus not shown in the figures, for the sake of clarity.
Mucosal DNA content was used as an estimation of the total mucosal enterocyte mass (12) . Mucosal DNA content in jejunectomy controls increased by 67% over preresection levels, with most increases occurring the first 4 d. The DNA specific activity (amount of thymidine radioactivity in DNA, expressed in terms of total DNA present) was used as an estimation of the proportion of proliferating cells (12) . Increased DNA specific activity after injection of [3H]thymidine was found beginning 1 d after resection (Fig. 3) Figure 2 . Effect of DFMO on the increase in mucosal ODC activity after jejunectomy. Animals underwent 50% proximal intestinal resection, and then were given water (e) or 3.6 g/kg per d DFMO (o). ODC activity was measured by "CO2 released from 14 ["Clornithine after incubation with mucosal homogenates. Results are expressed as picomoles of "4CC2 released per hour per milligram cell protein, and represent the means±SEM from 6 to 10 animals. *, Statistically significant difference from control, P < 0.05. amount of radioactivity was increased by 144% over prejejunectomy levels (Fig. 3) .
The uptake of [3H]thymidine per crypt (dpm/crypt) was used as an estimate of the number of crypt cells undergoing DNA synthesis (13) . The dpm/crypt in the jejunectomy controls was markedly increased over prejejunectomy levels by day 1, and was maximal on day 2 (Table II) .
The CCPR was considered a direct measurement of the rate of crypt cell production, assuming that each metaphase results in one new mucosal cell, which then migrates up the villus (16) . The CCPR in the jejunectomy controls was increased by day 1, and was maximal on day 2, reaching a value of 74.6:1,000 cells/h, and represented a 132% over prejejunectomy levels (Table II) . (Fig. 4) .
Mucosal height also increased in the jejunectomy controls. The increases in mucosal height were maximal over the first 7 d. Villus height increased by 57% and crypt depth increased by 68% (Fig. 5) .
The sequence of events that leads to adaptive mucosal hyperplasia in vivo might be depicted schematically as in Fig.   6 . Within 24 h after the stimulus of jejunectomy, mucosal ODC activity increases and mucosal polyamine levels rise. This is closely followed, within another 24 h, by an increase in DNA synthesis, which is followed in another 12 h by Figure 6 . Schema of the sequence of cellular events leading to mucosal adaptation after jejunectomy. The data for control animals from the present and previous studies (9, 10) are summarized and depicted schematically. The schematic for the sequence of cellular events thus indicates when each parameter depicted is substantially increased from basal, control levels. ODC/polyamine biosynthesis represents the increase in ODC activity and polyamine content, DNA synthesis the increase in DNA content and DNA specific activity, crypt cell proliferation the increase in CCPR, and mucosal hyperplasia the increase in mucosal height and weight. The dotted line for DFMO block depicts the suppression by DFMO of all cellular events leading to mucosal adaptation. 48 h, this results in mucosal hyperplasia, as evidenced by increased mucosal height and weight. Thus, an orderly sequence of biochemical events follows the stimulus ofjejunectomy and results in mucosal hyperplasia.
DFMO suppression ofDNA synthesis. Crypt cell proliferation and mucosal hyperplasia. The effect of DFMO in the complete suppression of the cellular events leading to mucosal hyperplasia and in abolition of the ultimate hyperplasia can be clearly seen in Figs. 2-6 . These effects are especially remarkable when one considers the lack of major systemic toxicity, such as marked weight loss or the lack of specific toxicity to the intestinal mucosa, evidenced by a lack of diarrhea. DFMO suppressed mucosal ODC activity by 99.7% (Fig.  2) . The increases in mucosal putrescine, spermidine, and spermine content were also suppressed by 94, 84, and 40%, respectively (Table I ). This clearly documents DFMO to be an effective inhibitor of ODC activity and polyamine biosynthesis in the intestinal mucosa in vivo.
DFMO in vivo also suppressed mucosal DNA synthesis. This was evidenced by the >87% suppression of the increases in DNA-specific activity (Fig. 3) and in mucosal DNA content and thymidine incorporation into mucosal DNA (Table II) . This was followed by suppression in crypt cell proliferation, as shown by the virtually 100% inhibition of the increase in CCPR (Table II) .
This DFMO suppression of mucosal ODC activity, polyamine biosynthesis, followed by inhibition of mucosal DNA synthesis and crypt cell proliferation, resulted in the abolition of mucosal hyperplasia. The increase in mucosal weight was suppressed by 75% (Fig. 4) , and the increases in mucosal villus height and crypt depth by 74 and 81%, respectively (Fig. 5 ).
Discussion
Increased ODC activity and polyamine biosynthesis are characteristically associated with the rapid growth of cells and tissues (1) (2) (3) (4) (5) (6) (7) (8) . However , it has been difficult to clearly document the exact functional role of the increases in ODC activity, especially in the intact animal. We have used the rapidly proliferating intestinal mucosa as a model for studying the role of polyamine biosynthesis in cell proliferation in vivo because (a) several well-documented processes of stimulated mucosal cell proliferation are known, (b) the mucosa can be manipulated locally through pharmacologic and/or hormonal maneuvers, and (c) mucosal cell populations can be readily obtained during key points in these growth processes.
The specific inhibitor of ODC, DFMO (MDL 71,782, Merrell Dow Research Institute), has made possible the sustained depletion of polyamines and allows documentation of the critical role of the polyamines in several biological processes (5, (19) (20) (21) .
This drug is a specific, enzyme-activated, irreversible, suicide inhibitor of ODC, and has no other known pharmacologic effect (22) . Its antiproliferative effect has been shown to be unaccompanied by toxic effects, and has been reversible by the addition of exogenous biosynthetic products, polyamines, in in vitro studies (5, 21) . Furthermore, we have previously shown that normal adult rats, given DFMO for 2 wk in amounts similar to the present study, showed no histologic or biochemical changes in the intestinal mucosa, except for the suppression of basal levels of ODC activity (23) . Thus, the inhibition of intestinal adaptation by DFMO demonstrated in the current study can be attributed to the suppression of ODC activity and subsequent polyamine biosynthesis.
Our current studies using DFMO in intestinal adaptation after jejunectomy clearly document the critical role of polyamine biosynthesis in the onset of intestinal mucosal cell proliferation. Inhibition of the increase in ODC activity and polyamine biosynthesis resulted in the abolition of new mucosal DNA synthesis and intestinal adaptation. We have outlined the sequential nature of the cellular events measured, and the inhibition by DFMO of the entire sequence, leading ultimately to abolition of mucosal hyperplasia (Fig. 6) . The data show that in vivo, the increases in ODC activity and polyamine biosynthesis are essential for intestinal mucosal growth processes and that they mediate these growth processes through allowing the increased DNA synthesis which precede cell proliferation.
The specific results from our present study of intestinal adaptation have general implications for the processes of DNA synthesis and cell replication in the intestinal mucosa. We have also previously shown that mucosal ODC activity and polyamine content increased during intestinal maturation in newborn rats, during recovery of intestinal mucosa after cytotoxic injury in the adult rat (23) , and during lactationassociated intestinal adaptation (24). In each of these situations, the increase in ODC activity occurs in the early stages of the intestinal mucosal response and probably, as in the present study, before DNA synthesis and cell proliferation. We have thus shown that increased mucosal ODC activity and increased polyamine content may be common events that precede DNA synthesis and cell proliferation in all four models of intestinal functional adaptive responses that have been studied to date.
The present results also further emphasize the functional role of the polyamine biosynthesis pathway in DNA synthesis and cell proliferation in general, and are similar to our previous findings in promyelocytic leukemic cells. In the process of postresectional intestinal adaptation, our previous and current data on crypt cell production rate and new DNA synthesis document that the adaptive response is accomplished mainly by the proliferation of a new population of cells in the crypt, as opposed to accelerated maturation of the existing villus cells (10, 24) . Polyamine biosynthesis would appear to play a much more important role in this initial proliferation of the crypt cell, than in the subsequent differentiation of the intestinal mucosal cell thus produced. This is consistent with our previous results in the chemically induced differentiation of the cultured human progranulocytic leukemia cell, HL-60, in which we showed that transient increases in ODC activity were associated with the onset of both proliferation and differentiation of the HL-60 cell, but appear to be important functionally only for the proliferation and not for the differentiation process (25) .
In summary, our results document that, during postresectional adaptive hyperplasia of the intestinal mucosa, the increases in ornithine decarboxylase activity and subsequent polyamine biosynthesis are critical and necessary for the increases in proliferative activity of the intestinal crypt cell compartment, and that the critical step mediated by the polyamines in this adaptive growth process is the onset of new DNA synthesis. These findings in vivo emphasize the need for studying, in much further detail, the nature of the molecular interactions between polyamines, the mechanics of cell proliferation, and specific steps in DNA synthesis as well as potential interactions with other mediators of intestinal epithelial proliferation, such as epidermal growth factor (26) , and the prostaglandins (27) . Our data also provide further "biologic" significance to the study of interactions of polyamines with the DNA molecule.
